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Secular Changes in Great Lakes Water Level Seasonal Cycles
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ABSTRACT. The three primary scales of Great Lakes water level fluctuations are interannual, sea-
sonal, and episodic. Of these three, the seasonal water level fluctuations have received relatively little
attention. The Great Lakes water levels have a well defined seasonal cycle driven primarily by snowmelt
in the spring and summer and lake evaporation in the fall and winter. The present average seasonal cycle
ranges from 26 cm on Lake Superior to 38 cm on Lake Ontario. Great Lakes monthly water levels from
1860 to 2000 were used to assess changes in the seasonal cycle of each of the Great Lakes and Lake St.
Clair over the past 140 years. Changes are found on all of the lakes during the period of record. They
usually resulted in a decrease in seasonal range and a time shift in the months of seasonal maximum and
minimum. The effects of lake regulation were found to be negligible in the case of Lake Superior and sig-
nificant for Lake Ontario. The major changes on Lakes St. Clair and Erie are likely a result of changes in
the connecting channels ice retardation rather than changes in seasonal hydrometeorology. Seasonal
cycle regimes are delineated for each of the lakes and possible rationale for the changes discussed.

INDEX WORDS: Great Lakes, water levels, seasonal cycles, lake regulation.

INTRODUCTION lakes and ice jams in the connecting channels. This

The Great Lakes water levels have been fluctuat-Study focuses on secular changes in the seasonal
ing in the current general hydraulic regime since ¢ycle of the individual Great Lakes and Lake St.

the Nippissing Flood, about 3,500 years ago. of_CIair over the past 140 years. The seasqnal cycle_: is
this long-term time series there are about 180 yeardmportant at the present time for assessing relative
of measurements to define and assess water levechanges in the environment due to natural or an-
fluctuations. Lake level fluctuations are categorized thropogenic effects, as well as assessing socio-eco-
into three primary time scales: interannual variabil- nomic impacts, commercial navigation, recreational
ity (2 m), seasonal cycles (20 to 40 cm), and boating, and hydropower, due to lake regulation.
episodic events such as storms and ice jams (50 cn  The Great Lakes system, shown in Figure 1, en-
to 3 m), and a secondary scale, the tidal scalecompasses the five Great Lakes, Lake St. Clair, and
which is of limited interest due to the very small the St. Marys, St. Clair, Detroit, Niagara, and St.
tidal range (1 to 5 cm). The inter-annual variability Lawrence rivers. The basin has a total land area of
results from longer term changes in precipitation 534,000 knd with a water surface of 247,000 Rm
and air temperatures and is responsible for theTwo lakes, Superior and Ontario, are regulated by
record high and low monthly mean lake levels. The controlling their outflows according to approved
well developed seasonal cycle is primarily driven regulation plans under the auspices of the Interna-
by seasonal changes in the water supply compotional Joint Commission. The construction of the
nents, precipitation, tributary runoff, and lake evap- st. Lawrence Seaway began in the mid-1950s with
oration. Changes in connecting channel ice the regulation of Lake Ontario following in 1959.
retardation and jams, and lake regulation can alscThe Lake Superior outlet has been modified since
have significant impacts. Episodic lake level the |ate 1880s and the lake has been regulated since
changes are due primarily to storm surges on thégne early 1920s. Lake regulation has the potential to
modify seasonal water level fluctuations as well as
*Corresponding author. E-mail: fquinn@earthlink.net the interannual variability. In addition to regulation,
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FIG. 1. Great Lakes basin.

the hydraulics of the system result in major back-
water effects between Lakes Michigan-Huron, St.

Clair, and Erie. Lakes Michigan and Huron are one
lake hydraulically, as they are joined by the deep

Straits of Mackinac. There have been major

changes in the levels of Lakes Michigan and Huron
due to uncompensated sand and gravel dredging
and navigation projects this century between 1908

and 1960. The present hydraulic regime has bee
fairly constant with only small modifications since

the early 1960s. There are also three interbasin di-

versions, the Lake Michigan Diversion at Chicago,
which diverts water from Lake Michigan into the
Mississippi River basin, and the Long Lac and
Ogoki diversions, which divert water from the Hud-
son Bay watershed into Lake Superior. In addition,
the Welland diversion, an intrabasin diversion, di-
verts water from Lake Erie to Lake Ontario.

Great Lakes water level fluctuations are gov-

erned by the hydrologic water balance expressed a:

equation (1).

P+R+Q=E+QpoxDz AS N}
where: P is the precipitation falling on the lake sur-
face
R is the runoff into the lake from it’s tribu-
tary streams
Q, is the connecting channel inflow
E is the evaporation from the lake surface
Qo is the connecting channel outflow
D are diversions into or out of the basin
ASis the change in storagk; — L;.1)
L is the lake level at time T
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FIG. 2. Lake Erie net basin water supply (pre-
cipitation + runoff-lake evaporation).

Units are expressed in either mm or cm on the
lake surface.

Seasonal water level variations are driven pri-
marily by seasonal changes in the hydrologic water
balance of the lakes. Figure 2 illustrates the changes
in the seasonal water supply compone®sR, B
during a typical year for Lake Erie. As the precipi-
tation is fairly uniform during the year, the seasonal
water supply (P+R-E) is driven by a combination of

"ow evaporation and high tributary runoff during

the spring and high evaporation and low tributary
runoff during the fall and winter. In addition, the
seasonal cycle could also be affected by changes in
connecting channel flows), Qo) resulting from
water management (lake regulation) of Lakes Supe-
rior and Ontario and by navigational dredging pro-
jects and ice jamming in the St. Clair, Detroit, and
Niagara rivers. The difference between the lake in-
flow (basin water supplies plus connecting channel
inflows and diversions) and lake outflow (connect-
ing channel outflows plus diversions) causes the
lake to either rise or fall (Fig. 3). The characteris-
tics that will be assessed for each of the lakes in
this study are the monthly average seasonal values,
the seasonal range, and the timing of the monthly
maximum and minimum levels. The seasonal range
is defined as the difference between the recorded
monthly winter minimum level and the following
recorded monthly summer maximum level.

METHODOLOGY

Recorded Great Lakes water level data are avail-
able from 1819—present (Foster and Whitney 1851,
Fuller 1928, Tait 1983, Quinn and Sellinger 1990,
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Angell et al. 1896, National Ocean Service 2001).
The primary water level data used in this study are
monthly values for the period 1860 to 2000, as
measured at the long-term water level gages of
Marquette and Marquette Coast Guard (Lake Supe-
rior), Harbor Beach (Michigan-Huron), Grosse
Pointe Yacht Club and St. Clair Shores (Lake St.
Clair), Cleveland (Lake Erie), and Oswego (Lake
Ontario). The data for Lake St. Clair are from 1900
to 2000. Two secondary water level data sets, Lake
Superior unregulated (after Quinn 1978), and Lake
Ontario unregulated (International St. Lawrence
River Board of Control 1997), are used to assess the
role of lake regulation on changes in the seasona
cycle. These data sets simulate Lake Superior anc
Lake Ontario water levels under unregulated condi-
tions. Figure 4 shows the basic monthly time series
data for each of the lakes, which illustrates the in-
terannual variability as well as a strong seasonal
component.

The seasonal component is commonly extracted
from the time series (Chatfield 1980) by subtracting
a monthly value from a centered weighted moving
average, equation (2).

j+5

where: SL is the monthly seasonal water level
L is the measured water level
J is the month
M is the year.
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FIG. 4. Great Lakes monthly water levels. (a)

Lake Superior, (b) Lake Michigan-Huron, (c)
Lake St. Clair, (d) Lake Erie, (e) Lake Ontario.

Lenters (2001) took an alternative approach by ana-
lyzing the time series of incremental differences in
monthly mean lake levels.

The primary analysis tool for determining
changes in the seasonal cycle and range is the cu-
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12 tensive modifications have been undertaken to its
outlet channel, the St. Marys River, since the late
1888s with the period 1860 to 1887 considered to
!\ Vat represent the natural regime of the system (Coordi-
0.8 nating Committee 1970, Freeman 1926). The first
; compensating gate to control lake outflows was
R 0.6 constructed in 1900 with the final gate being com-
L T pleted in 1920. The lake outflows have been regu-
lated by the operation of these compensating works,
along with power diversions, since 1920 under the
! auspices of the International Joint Commission
o (Hartmann 1988). Because of its large size, 82,100
0 I 0 km3, and large ratio of lake surface to drainage
1900 1920 1940 1960 1980 2000 basin, 0.47, the lake has a major buffering effect on
FIG. 5. Lake St. Clair seasonal range analysis. Seasonal hydrologic fluctuations.
An assessment of Figure 6(a) and a mass curve of
the seasonal range for Lake Superior indicates po-
tential changes about the years 1888, 1916, 1943,
mulative mass curve procedure (Wisler and Braterand 1980 as shown in Table 1. The T tests indicate
1959). This is a common technique used in hydro-that only the change occurring around 1979 is sta-
logic analysis. The slope of the mass curve repre-tistically significant at the 0.05 level of significance
sents the annual range or seasonal level per yeawhen compared with the preceding period. The pe-
Changes in slope reflect changes in the variableriod from 1980 to 2000, however, is not signifi-
under consideration, with the inflection point deter- cantly different from 1916 to 1942, another period
mining the year of the change. This is illustrated by of relatively low range. This indicates that the
Figure 5 for the Lake St. Clair seasonal range. Thelower range is likely the result of normal climate
period of time between inflection points represents variability, and not a necessary indication of cli-
a potential levels regime. Whether successive
regimes in seasonal levels or range are statistically s
different is measured by the standard two sided T € Sos - 9 W N
Test with a significance level of 0.05. The seasonal <9°4 I AT TRl ﬁfv‘v ‘”VI\V i
timing of monthly maximum and minimum levels é ot NI ' !
will then be determined by assessing the months in (a)
which the minimum and maximum seasonal levels mgg T ‘
occur. Where possible, changes in the seasona zo4 VT AR PO N N W Y T A
regimes will be assessed for potential anthro- &02y TP I R LT
pogenic, regulation or ice retardation, or climatic (b)
causes.
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RESULTS AND DISCUSSION

Seasonal Range

As stated earlier, the seasonal range is the differ-
ence between the winter recorded monthly mini-
mum and the following recorded summer monthly _ (d
maximum. The seasonal range for each lake is€"* ‘
shown in Figure 6. It should be noted that changesoO;v- Mk Acia A A i A T i s
in the seasonal cycle may not necessarily result ing | ¢ W v VLV VRO
changes to the seasonal range. This is because tt (550 1880 1900 1920(€)1940 1960 1980 2000
seasonal maximum and minimum months may
change without changing the range. FIG. 6. Great lakes seasonal range. (a) Lake

Lake Superior water levels have been influencedSuperior, (b) Lake Michigan-Huron, (c) Lake St.
by both climatic and anthropological impacts. Ex- Clair, (d) Lake Erie, (e) Lake Ontario.
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TABLE 1. Seasonal range analysis. buffering effect on seasonal hydrologic fluctua-
tions. There have been many changes to the lake’s
outlet, the St. Clair River, over time which have in-

Range  St. Dev

Lake _ Time Period (m) (m) creased the flow efficiency of the river (Coordinat-
Superior 1861-1887  0.34 013 jng Committee 1998, Brunk 1961, Quiret al.
Suherior 1888-1915 037 009 1993). Derecki (1985) found that the lake levels of
Superi 1942-1979  0.37 0.10 Lake Michigan-Huron have been permanently low-
perior . . .
Superior 1980-2000 * 0.30 0.11  ered by 27 cm during the 2@Century alone. How-
MI-Huron 1861-1986 0.33 0.14 ever, the seasonal range in Lake Michigan-Huron
MI-Huron 1987-2000 0.27 0.12 water levels shows no apparent changes from the
St Clair 1901-1941  0.58 0.14 late 1870s through the present time. There have
St. Clair 1948-1970* 0.50 0.16 been small periods of scattered high and low values
St. Clair 1971-2000* 0.36 0.14 but no apparent persistence of high or low values.
Erie 1861-2000  0.46 0.15  The period around 1863 to 1873 is the highest sus-
82:;”8 igi%‘%ggé* g-gj: 8'213 tained period of seasonal range in the record. The
Ontario 1960-2000  0.65 018 period 1987 to present is the longest period of sus

: tained low seasonal range. While not statistically

Ontario (unregulated)- %960_2,000 0.55 0.20 significant from the prior period at the 0.05 signifi-

* Months that are statistically different from the preced- cance level, a 0.09 significance level, it is shown on

ing regime at the 0.05 significance level. Figure 6 as a separate regime. This is because it is a
trend which appears to be continuing into the fu-

_ _ o _ _ ture. An assessment was also conducted to deter-
mate change. Likewise, a similar analysis using themine if the seasonal range is a function of the lake
Lake Superior unregulated data set shows correqgye|, represented by the annual maximum monthly
sponding changes in range as in the recorded datéyater |evel. The results, similar to Lake Superior,
also indicating climatic variability as the reason for gpowed no correlation between the seasonal range
the lower range rather than changes in Lake Supegng water level elevation.
rior regulation. A comparison of the unregulated | gke St. Clair, with a surface area of 1,1142km
average range with the recorded average range fojs the smallest lake in the Great Lakes system. With
the period 1980 to 2000 shows a difference of only gych a small surface area, the lake responds rapidly
1 cm, within the accuracy of the computations. to small changes in its seasonal water supply. Also,
Thus regulation has no significant impact on the \ith a land basin area of only 12,430 %much of
present regime. which is sewered and does not enter the lake, 98%

An assessment was also undertaken to determinif jts water supply comes from the St. Clair River
if the seasonal levels or the seasonal range is @nd only 2% from the lake’s net basin supply. Thus
function of the lake level at the seasonal minimum, the |ake responds rapidly to even small seasonal
taken here to be the month of March. The lake levelchanges in its connecting channel inflows and out-
could potentially impact the seasonal cycle by theflows, the St. Clair and Detroit rivers respectively.
Lake Superior regulation plan calling for the dis- unlike the Great Lakes, consistent water level data
charge of more water from the lake in the spring for Lake St. Clair, based upon two lake gages, is
and summer during high winter water levels than published only back to 1900. Additional data are
during low ones. No correlatiors ¥ .11, was found  available back to the 1860s, but most are extrapo-
between the seasonal range and water level elevalated from other gages. The lake is dramatically af-
tion. Similarly, correlation analysis between the fected by ice retardation primarily in the St. Clair
March water levels and the seasonal maximum ancRiver and secondarily in the Detroit River. Ice jams
minimum water levels showed little correlatiod, r and blockages restrict the flow in the St. Clair River
values of 0.01 and 0.14 respectively. Similar resultsby up to 50%, causing major changes to the Lake
were obtained when correlating either the maxi- St. Clair inflows. Being small, the lake levels drop
mum or minimum seasonal levels with the water sharply while water is being drawn out of storage to
level elevation. feed the Detroit River. Thus changes in ice retarda-

As is the case for Lake Superior, the large size oftion, due either to climatic or anthropological
Lake Michigan-Huron, 117,400 Képand large ratio  causes (dredging, ice breaking, etc.) will cause ei-
of lake surface to drainage basin, 0.64, has a majother an increase in the seasonal range if ice retarda-
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tion increases or a decreased range if the ice retargara River in the early 1960s which has greatly re-
dation decreases. As is shown on Figure 6, the maxduced ice jams and retardation in the upper Niagara
imum range is slightly over 1 m. The ice retardation River.
was fairly constant between the beginning of the Lake Ontario, with a surface area of 18,9602km
record and 1941. A major decrease in the seasoncis the smallest of the five Great Lakes. The lake re-
range is apparent beginning in the late 1940ssponds rapidly to small changes in its seasonal
through 1970 with a substantially large decrease be-water supply due to the relatively small surface
tween 1971 and 2000. These decreases were statistarea. The construction of the St. Lawrence Seaway
cally significant, as shown in Table 1, resulting in a the mid-1950s (Becker 1984) and the subsequent
decrease of 38%, from 0.58 m to 0.36 m, betweenregulation of Lake Ontario (Snyder and Clark 1958)
the early period and the last 30 years. This is thefollowing in 1959 had a major impact on the lake’s
largest decrease recorded in any of the lakes. Aswater level regime. The regulation plan, Plan 58D,
there were no anthropogenic changes during thehas been used during most of the regulated regime.
early 1950s, the change was probably due to aThis plan was based upon the exact sequence of
change in wind patterns or in ice formation at the water supplies from 1860 to 1958. Deviations from
Lake Huron outlet or in the river itself which re- the plan have been frequent over the past 40 years.
duced ice jamming in the river. There was a major The regulation has had a major impact during ex-
channel improvement in the lower St. Clair River treme lake levels. Both Figure 6(e) and a mass
from 1956 to 1962 (Coordinating Committee 1998), curve of cumulative range vs. time show a signifi-
which reduced the ice retardation (Korkigian 1974, cant increase in the seasonal range beginning in
Quinn 1973). This decrease is likely the result of around 1940. The range has increased by 19%, from
dredging a cutoff channel for navigation which an average of 54 cm for 1860 to 1941 to 64 cm for
would increase the winter flow capacity of the river. the period 1942 to 2000. This corresponds to the
Thus the changes in the seasonal range can be asame increase noted in the Lake Erie analysis, but
tributed to changes in ice retardation likely due to without the decrease beginning about 1962 for Lake
the channel improvements coupled with increasedErie. The impact of regulation on the period 1960 to
Coast Guard ice breaking to assist navigation and1999 was assessed using simulated Lake Ontario
alleviate local flooding and ferry operations. The ynregulated levels and comparing ranges that would
largest single month of ice retardation was in April have occurred without regulation with the actual
1984 when the flow in the St. Clair River was re- recorded values. Unlike the Lake Superior situation,
duced by about 40%. _ the regulation of Lake Ontario has had a significant
Lake Erie, with a surface area of 25,700%ms  jmpact on the seasonal range. The range under reg-
the second smallest of the five Great Lakes. They|ation for the 1960 to 1999 period is 10 cm higher
lake responds rapidly to small changes in its sea-(16%) than it would have been without regulation.
sonal water supply due to the relatively small sur-|p jts unregulated state Lake Ontario would have re-

face area. Eighty five percent of its water supply sponded in similar fashion as Lake Erie in this
comes from the upstream lakes, and only 15% fromperiod

the lake’s net basin supply (Quinn and Guerra
1986). Thus the lake responds to changes in the up
stream water supplies, changes in the Lake Erie ne Seasonal Cycle

basin water supplies and changes in the connectinc The seasonal water levels computed by equation
channel ice retardation/jams. The analysis of the(2) for each lake are shown in Figure 7. For each
Lake Erie seasonal range using Figure 6 and a maslake individual plots and mass curves, cumulative
curve of Lake Erie range vs. time shows that theremonthly seasonal water levels, were constructed for
is basically one regime broken by a period of un- each month for the period 1860 to 2000. Figure 8
usually high range in the 1940s and early 1950s.demonstrates the changes in the seasonal cycle for
There was no significant difference between the pe-the month of maximum change for each lake.
riods 1861 to 1942 and 1962 to 2000 using the TChanges in slope for the mass curves for Lake Su-
test. What is notable is both the slightly decreasedperior were noted for each month and the results
mean from 1962 to 2000 and a decrease in variabil-were combined to yield four potential seasonal
ity of 20% when compared with the 1861 to 1942 regimes, 1861 to 1930, 1931 to 1940, 1941 to 1982,
period. This is probably due to the installation of and 1983 to 1999. The seasonal regimes comprise
the Niagara River ice boom at the head of the Nia-the time periods between consecutive changes in
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slope for the mass curves. It should be noted that
the exact year of the regime change is subjectiveFIG. 8. Examples of monthly seasonal water
and two researchers might come up with slightly level analysis. (a) Lake Superior January, (b)
different regimes. The adjacent potential regimesLake Michigan-Huron January, (c) Lake St. Clair
were tested for statistical significance on a monthly February, (d) Lake Erie March, (e) Lake Ontario
mean basis using the standard two sided T TestNovember.
Regimes are considered as distinct if two or more
monthly comparisons are significant at the .05 sig-
nificance level. Table 2 gives the monthly means
for the various regimes. Figure 9(a) shows the sea-
sonal cycle comparisons for the four regimes. The )
significant differences are in the winter and spring N9 9ate, completely closing the outlet, was com-
seasons. pleted in 1920. In addition, Ogoki and Long Lac
The seasonal regimes, with the exception of 19g3interbasin diversions were begun in the early 1940s
to 1998, correlate well with changes in the Lake Su-from the Hudson Bay watershed into Lake Superior.
perior outlet conditions. The period from 1860 to These could alter the seasonal Lake Superior water
the late 1880s is considered to be the natural regimsupply if the diversion releases into Lake Superior,
of the system. Beginning with the construction of particularly the Ogoki diversion, vary seasonally.
the International Railway Bridge until around 1900, All of these changes could have impacted the sea-
the St. Marys River had a number of channel con-sonal cycle. An assessment of the relative roles of
strictions. The construction of the compensating regulation vs. climate variability in the shifting sea-

gates to offset the power diversion was began in
1901. In 1914 it was decided to completely regulate
the Lake Superior outflows and the last compensat-
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TABLE 2. Monthly means (m) for Lake Superior seasonal regimes.

Regime Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1861-1930 -.08 -.14 -.16 -.15 —-.06 .03 .09 12 14 .13 .08 .00
1931-1940 -.07 -.12 -.15 -.15 -.04 .06 A1 .13 12 .08* .05* -.02
1941-1982  -.08 -.14 -19* -16 -.05 .04 A1 14 14 A1 .07 .00
1983-1999 -.04* -11* -15* -13 -.06 .01* .08* .10* A1+ .10 .07 .02*

* Months that are statistically different from the preceding regime at the 0.05 significance level.

sonal regimes can be undertaken by comparing thewill be discussed in greater detail for Lake St. Clair.
recorded levels with those which would have oc- The shift to a later minimum of March for the low-
curred without regulation. The methodology from est seasonal water level of the year tends to corrob-
Quinn (1978), using a water balance model basecorate the ice retardation hypothesis.
on the natural St. Marys River rating, was applied Unlike the Great Lakes, consistent water level
with water supplies and diversions from 1900 to data for Lake St. Clair are published only back to
1999 to determine unregulated water levels. Thesel900. Additional data are available back to the
resulting levels were seasonally adjusted as pell860s, but much is extrapolated from other gages.
equation (2) and compared with the recorded sea-The monthly levels (Fig. 4c) shows the same inter-
sonal levels. The four regimes were intercomparedannual variability as the large lakes with a high lev-
using T scores as noted earlier. If the regimes wereels regime from 1969 to 1998. A major change in
significantly different, as in the case of the recordedthe lake’s seasonal cycle is apparent beginning in
levels, it would imply that the regime changes were the early 1960s. Six potential changes in the sea-
due primarily to climate variability rather than sonal water level regimes, based upon mass curves
changes in lake regulation. This turned out to be theof the cumulative monthly seasonal water levels,
case for Lake Superior. In general, averaging over awere identified. Three regimes, 1901 to 1950, 1951
regime, differences in seasonality are small, .02 cmto 1965, and 1966 to 2000, are identified as meeting
or less, and within the likely accuracy of the unreg- the criteria for being statistically significant using
ulated model and water supply data. However, inthe T Tests. Table 4 gives the monthly means for
general, the recorded values tended toward slightlythe three regimes. Figure 9 shows the seasonal
increased winter values and slightly decreased sumcycle comparisons between the three regimes.
mer values, particulary in the last regime. Also of Large differences are observed in both the winter
interest is the observation that there are no signifi-and summer seasons with a major decrease in the
cant differences in the standard deviations betweerrobustness of the seasonal cycle from 1966 to pre-
the unregulated and recorded seasonal levels. Thessent.
findings are due to the large surface area of Lake Lake St. Clair has experienced the largest
Superior coupled with a very small outlet capacity. changes in the seasonal cycle of any of the Great
The Lake Michigan-Huron seasonal water levels Lakes. The St. Clair River flow provides about 97
are shown on Figure 7(b). Potential changes in thepercent of the total water supply with the local net
seasonal water level regimes were examined as bebasin water supply providing the other three per-
fore, using mass curves of the cumulative monthly cent. Therefore the only cause of major changes in
seasonal water levels. Three regimes, 1861 to 1973the seasonal cycle are changes in the seasonal dis-
1874 to 1979, 1980 to 2000, were found to be statis-tribution of St. Clair River and Detroit River flows
tically different at the 0.05 significance level using resulting from changes in the winter ice retardation.
the standard two sided T Test. Table 3 gives theThe lake first shows a statistically significant
monthly means for the three regimes. Figure 9(b)change in the seasonal cycle affecting the month of
shows the seasonal cycle comparisons between thMarch about 1950. The magnitude of the March
three regimes. The significant differences are in theseasonal level drops by about two-thirds, while the
winter and spring seasons. This is probably a com-variability as measured by the standard deviations
bination of changes in seasonal water supplies ancdrops about 50% for the 1951 to 1965 regime. As
changes in ice retardation/jams in the St. Clairthere were no anthropogenic changes during the
River which tends to store additional water on early 1950s, the change was probably due to a
Michigan-Huron during the winter months. This change in wind patterns or in ice formation at the
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FIG. 9. Great Lakes seasonal cycles. (a) Lake Superior, (b) Lake Michigan-Huron, (c) Lake St. Clair, (d)
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TABLE 3. Monthly means (m) for Lake Michigan-Huron seasonal regimes.

Regime Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1861-1873 -.16 -.17 -.10 -.02 .06 .13 A7 .16 .10 .02 -05 -13
1874-1979 -.13* -14 -.13 -.05 .04 A2 .16 14 .09 .03 -04 -.09*
1980-1998 -.09* —-.13 =11 -.03 .05 .10 14 12 .07 0.01 -04 -.07*

* Months that are statistically different from the preceding regime at the 0.05 significance level.

TABLE 4. Monthly means (m) for Lake St. Clair seasonal regimes.

Regime Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov  Dec
1901-50 =21 -.32 -.20 .03 A2 .19 .22 .18 A1 .02 -07 -.08
1951-65 -.25 -.32 —.07* .05 14 A7 A18* .16 .09 .01 .09 -.08.
1966-98 A1 .10* .05 02 09* 13* A5 11*  .05* .05 12 -11

* Months that are statistically different from the preceding regime at the 0.05 significance level.

Lake Huron outlet or in the river itself which re- means for the three regimes. Where there is no sig-
duced ice jamming in the river. Similar changes in nificant difference between the regimes, the aver-
the mean and standard deviation of the seasonaage for the total period is used. Figure 9 (d) shows
levels appeared around 1965 for the months of Janthe seasonal cycle comparisons between the three
uary and February. There was a major channel im-regimes. Significant differences are observed in
provement in the lower St. Clair River from 1956 to poth the winter and summer seasons with a major
1962 (Coordinating Committee 1998), which re- changes in the January to March time frame. Lake
duced the ice retardation (Korkigian 1974, Quinn Erie demonstrated a change in the seasonal cycle
1973). This decrease is likely the result of dredging similar to Lake St. Clair. The monthly values in

a cutoff channel for navigation which would in- Fepruary and March show a pronounced shift up-
crease the winter flow capacity of the river. These ward with a corresponding drop in the summer
seasonal changes were likely due to the channel immayimum levels. This can be reasonably attributed
provements coupled with increased Coast Guard iC& gecreases in St. Clair River ice retardation. The

breaking to assist navigation and ferry operationsjiagara River ice retardation was also dramatically
and alleviate local flooding. The largest single oqiced in 1963 with the placement of the Lake

month of ice retardation was in April 1984 when .. ; : ;
the flow in the St. Clair River was reduced by about Erie ice boom at the head of the Niagara River. This

40%. Figure 10 shows the seasonal cycle for that

year compared with the average for the current 0.2

regime. The extreme impact of the ice retardation is 01 -

readily apparent in April. s 7 x - )
Five potential seasonal regime changes for Lake 0. . = x

Erie were indicated by mass curves of the cumula- ¥ Lx - -

tive monthly seasonal water levels and the seasonaly -0.1-— B ; Np—
levels for January, February, and March. Three <—(l 02* - L

regimes, 1861 to 1927, 1928 to 1964, and 1965 to=z <7 ' T x
2000, met the criteria for being statistically signifi- 8 03 L
cant. The month of March shows a sharp change in
seasonal levels occurring around 1950 which corre-® -0.4
sponds to a similar dramatic change on Lake St. 1
Clair. This is expected as the Detroit River inflows 0.5 Jan  Mar Méy ~Jul
to Lake Erie are a function of the Lake St. Clair

water level. The remaining 11 months however = 1984 _a 1966-99 AVE
showed no significant changes occurring around

1950. Therefore 1950 is not considered a breakpointFIG. 10. Lake St. Clair 1984 seasonal cycle
for regime changes. Table 5 gives the monthly compared with the 1966-1999 average.

M|

"Sep  Nov |
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TABLE 5. Monthly means (m) for Lake Erie seasonal regimes.

Regime Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1860-1927 -.16 -.18 -.13 .04 .14 .20 .19 .13 .06 -04 -12 -14
1928-65 -.17 -.17 -.09 .08* A8 .22 .20 14 .04 -.07* -16* -.19*
1966-98 -.15 -12* —-.02* .10 .15 .18* A7+ 10 .01 -.10* -16 -.16*

* Months that are statistically different from the preceding regime at the 0.05 significance level.

TABLE 6. Monthly means (m) for Lake Ontario seasonal regimes.

Regime Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov  Dec
1860-1955 -.20 -.17 -.09 .10 .21 .25 .23 .13 .01 -10 -17 -.20
1960-69 -.22 —.24 —.21* .01* .21 31 31+ .22 .07 -07 -15 -17
1970-98 -.18 -.12* -.05 .16* .30 .30 24 11 -.05* -18* -.26* -—.26*
1960-69 -.18 -.16 —-.09 .10 .22 .25 21 10 -.02 -14 -19 -15
1970-98 -.15 -.14 -.04 .19 .30 .25 .18 .05 -.08 -17 -21 -18

* Months that are statistically different from the preceding regime at the 0.05 significance level.
1 Unregulated simulated levels.
2 Compared with the 1660-1955 regime.

would tend to have an offsetting effect on the win- 1960s, which resulted in a lowering of the winter
ter levels, reducing the impact of the St. Clair River levels and a delayed rise in the spring coupled with
changes in the ice retardation a delayed fall drop. The major impact of regulation
Four seasonal regimes for Lake Ontario, 1860 tois observed during the period 1970 to 1998. Regula-
1955, 1960 to 1969, 1970 to 1994, and 1985 totion has resulted in a more robust seasonal cycle
2000, based upon mass curves of the cumulativethan pre-regulation with higher summer maximums
monthly seasonal water levels, were investigated.and lower fall minimums. The timing also changes
Only the first four regimes met the criteria for being to an earlier spring rise and an earlier fall decline.
statistically significant from the adjacent regime. The impact of regulation on these regimes was as-
Therefore the last two regimes, 1970 to 2000, weresessed using simulated unregulated levels (Interna-
combined. Table 6 gives the monthly means for thetional St. Lawrence River Board of Control 1997),
four selected regimes, while Figure 9 (e) shows theand comparing levels that would have occurred
seasonal cycle comparisons. With the exception ofwithout regulation with the actual recorded values.
the 1960 to 1969 low lake level period, the averageUnlike the Lake Superior regulation, the regulation
for the total period is used where there are no sig-of Lake Ontario has had a significant impact on the
nificant difference between the regimes. The 1956seasonal water levels as illustrated in Table 6.
to 1959 period is not assessed as it includes the peThese findings also support separating the impacts
riod of construction for the St. Lawrence Seaway. of regulation between high water supply periods,
Significant differences are observed in both the 1970 to 1999, and the low water supply regime of
winter and summer seasons with a major changes irthe 1960s for future water management studies.
the January to March time frame. Figure 9 (f) presents an intercomparison of the
Lake Ontario is interesting because of its rela- seasonal cycle for all of the lakes. The impacts of
tively recent regulation. The St. Lawrence Seawaylake surface area and latitude are readily apparent.
construction on the St. Lawrence River took place In general, the lakes with the smallest surface area
between 1955 and 1959. Thus there are approxi-will have the largest seasonal cycle. Lake Ontario
mately 100 years of record prior to regulation and with the smallest surface has the largest seasonal
40 years of record since regulation began. Therecycle followed by Lake Erie. Lakes Superior and
have been some notable shifts in the seasonal cycleMichigan-Huron have the smallest seasonal cycles.
There was a pronounced shift in the seasonal cycleThe role of latitude, reflecting snowfall and
in the 10 years following the onset of regulation. snowmelt, gives Lake Superior the latest seasonal
The regulation plan could not cope well with the peak. Lake St. Clair is driven by both Lakes Erie
extremely low water supply sequence in the mid- and Michigan-Huron.
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Timing of Seasonal Maximum and tribution shows a shift of the minimum from either
Minimum Months March or April for the earlier regimes to a predom-
The final characteristic to be examined in this inance of March in the present regime. The occur-
study is the distribution of months in which the rénce of the minimum month being January or
seasonal maximum and minimum levels occur. TheFebruary was also dramatically reduced.
Seasonal Cycle presents a one_dimensional ap The d|Str'|but|0n Of mO'n'[.hS du”ng Wh|Ch the sea-
proach showing the month in which the averagesonal maximum and minimum water levels occur
seasonal maximum and minimum levels occur. In for Lake Michigan is presented in Figures 11(c) and
reality, there is a distribution of months in each 11(d), respectively. There has been no significant
regime (Fig. 11) in which the minimum and maxi- shift in the month in which the seasonal maximum
mum levels occur. The shifting of the distributions occurs. A significant increase in the frequency of
represents a measure of changing seasonality. ThMarch occurrences with a corresponding drop in
timing of the maximum and minimum months of January and February was observed. March is now
the seasonal cycle for Lake Superior is illustrated the most frequent month for the minimum seasonal
in Figures 11(a)and 11(b). The distributions for the level to occur.
maximum regimes show a shift of 1 month from  The minimum and maximum monthly distribu-
September to October as the month of most likelytions for Lake St. Clair for the two regimes, 1900
occurrence for the annual maximum and a majorto 1960 and 1961 to 1998, are shown in Figures
broadening of the distribution. The minimum dis- 11(e) and 11(f) for the months of maximum and
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minimum seasonal levels. The month of seasonallargest changes are in the winter months of Decem-
maximum still occurs in June. However there is a ber through March and appear to be associated with
pronounced shift in the seasonal minimum, from changes in the connecting channels ice retardation
60 percent occurrence in February for the 1900 toand jamming. The summer maximums are also re-
1965 regime to an approximately equal spreadduced by the reduced ice retardation not holding the
from November through April for the 1965 to 1998 water back on Lake Michigan-Huron during the
regime. winter for release during the summer. Because of
The distributions for the maximum and minimum the importance of this phenomenon a careful inves-
months of the seasonal cycle for Lake Erie aretigation of the impacts of changed ice retardation
shown on Figures 11(g) and 11(h), respectively. Ashould be undertaken, both to the extent of the
shift toward an earlier seasonal maximum is ob-changes as well as the physical mechanisms result-
served with a wider spread over May, June, anding in the change. The impacts of the Lake Erie ice
July for the present regime than occurred during theboom are easily assessed, but the impacts on the St.
last century. A pattern of earlier minimums is also Clair and Detroit rivers are harder to discern.
observed beginning about 1920. The winter mini- The seasonal cycle is independent of the interan-
mum shows a major change from a 40% chance ofnual lake level elevation. There is no correlation be-
a February minimum in the earlier periods to a min- tween the seasonal maximum or minimum level and

imum spread broadly over the November to Febru-the lake level. Thus the average seasonal cycle is
ary months for the present regime. relevant and can be used for simulations under both
The distributions for the Lake Ontario maximum high and low lake levels in a given regime.
and minimum months are shown in Figures 11(i) The timing of the summer maximum monthly
and 11(j). Only the first and last regimes have levels has (_:hanged from a month earlier peak for
enough data for a relevant comparison. A shift to- Lake Superior to a month later peak for Lake On-
ward an earlier seasonal maximum beginning with tario. In general, the winter minimum monthly lev-
a substantial increase in the occurrence of May€ls are spread over a wider period. The Lake
maximums from June and July. The winter mini- Michigan-Huron seasonal level has also shifted 2
mum also shows a significant change toward anmonths later, January to March, over the past 100
earlier minimum with a shift from November to Ye€ars. _
February for the 1860 to 1949 regime, to Novem- 1he impact of lake regulation on the seasonal
ber and December for the present regime. Novem-cycle is negligible for Lake Superior but important
ber has replaced February as the most frequenfor Lake Ontario. The regulation has increased the
month for the seasonal minimum. The past 30 seasonal range and shifted the seasonal cycle for
years have seen unusually high water supplies tcLake Ontario. These changes have resulted in detri-
Lake Ontario accompanied by many deviations mental impacts on the ecosystem, including wet-

from the regulation plan which may account for the /ands and other habitat, and on recreational boating.
shift. However, changes due to regulation have increased

benefits for commercial navigation, hydropower,
and in some instances, resulted in reduced flooding
CONCLUSIONS and shore damage for riparians. The changed sea-
All of the Great Lakes and Lake St. Clair have sonal cycle should be considered in ongoing studies
experienced changes in their seasonal cycle oveand analysis to modify the existing lake regulation
the past 140 years. Most of these changes appear tplans.
be due to anthropogenic rather than naturally occur-
ring seasonal changes in climate. Four specific con- ACKNOWLEDGMENTS
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